Abstract: Jatropha curcas is a multipurpose, drought-resistant, biofuel tree originating from Central and South America, but now growing pantropic. The tree produces seeds containing 27-40% inedible oil, which is easily convertible into biodiesel. Although even some basic agronomic characteristics of J. curcas are not yet fully unders tood, the plant enjoys a booming interest, which may hold the risk of unsustainable practice. Our qualitative sustainability assessment, focusing on environmental impacts and strengthened by some socio-economic issues, is quite favorable as long as only wastelands or degraded grounds are taken into J. curcas cultivation. Preliminary lifecycle energy and greenhouse gas (GHG) balances are positive, but the GHG balance is expected to be much dependent on the type of land use which is converted to J. curcas. Removing natural forest will have a severe impact on the global warming potential of the jatropha biodiesel. The cultivation intensity and the distance to markets are expected to have a signifi cant impact on the GHG balance as well. Similar reasoning applies for the impact on soil, water, vegetation structure and biodiversity, although the latter will always depend on local circumstances.
converted into biodiesel that meets American and European standards. 3 Th e biodiesel production chain also results in some valuable by-products (for example, seed cake, fruit husks, glycerin) ( Fig. 1) . Th ese general characteristics and potential of J. curcas have resulted in a booming interest, which may hold the risk of unsustainable practice. Th e aim of this perspective is to make a qualitative but critical analy sis of the expected sustainability of biodiesel production from J. curcas, focusing mainly on environmental sustainability, using a lifecycle approach. Since sustainability knows diff erent dimensions which cannot be seen separately, we also touch on some basic socio-economic issues in a qualitative way.
Environmental impact
To address the environmental sustainability dimension we use a lifecycle approach. Lifecycle assessment (LCA) has shown to be an appropriate tool to measure impacts and to analyze the sustainability of a production chain. 4, 5 In LCA, impacts are calculated based on the comparison between the system of interest and a reference system.
For a biodiesel production system, the reference system is the fossil-based system that produces an equal amount of energy and (by-)products. In the following section the most relevant LCA impact categories are discussed.
Energy balance
In the energy impact category, the total lifecycle energy input and output is accounted for. Th e fi rst limited LCA case studies 6, 7 on biodiesel production from J. curcas show a positive energy balance aft er allocating the energy input to the diff erent products (end-product and by-products). Th e LCA of the system using intensive cultivation and applying fertilizer and irrigation, 7 resulted in a less positive energy balance compared to the study investigating the system using low-input cultivation. 6 Th is means that in the case study where J. curcas was cultivated intensively, this extra energy investment in the application and production of irrigation and fertilizer did not completely pay off in an extra energy production in the form of biodiesel. Th e outcome of these case studies has to be seen in the light of the present knowledge gaps in the cultivation of J. curcas. It is still a wild plant which shows high variability in growth and yield parameters. 8 Insuffi cient systematic selection of good genetic material for diff erent agro-climatic situations has been done, certainly for the marginal conditions for which J. curcas is hyped as future's hope. Furthermore, there is a lack of data on growth, water use and nutrient cycling, which makes it impossible to determine the optimal management practices.
Such optimization is necessary to improve/optimize the energy balance.
At present, mechanical oil extraction is the most common practice and is the least-contributing production step in the energy requirement of the production chain (± 8% of total lifecycle energy requirement according to the available studies 6,7 ). Considering the scale of oil production at present, mechanical oil extraction is seen as the best practice. Solvent extraction is energy intensive and as such only economical in large-scale production systems.
Both available studies 6, 7 show that transesterifi cation is the biggest contributor to the energy requirement of the fi nal biodiesel product (i.e. aft er allocation). Th is shows that the use of the pure J. curcas oil would signifi cantly improve the energy balance. Although the use of pure plant oil is less energy effi cient 9 and still causes some engine problems, 10 it shows some opportunities for local use. In general, older diesel engines running at constant speed, oft en used in the agricultural sector, have fewer problems with pure plant oil, which opens up possibilities for irrigation pumps and generators in countries in the South. In cases where such engines are used, the lower energy effi ciency of the pure oil compared with the transesterifi ed oil will probably be of no signifi cance. Transportation consumes energy throughout the whole production chain. In cases of strong centralization of the biodiesel processing units (oil extraction and transesterifi cation), this consumption might be considerable. More important will be the choice to use the end product locally or to export it to remote markets. Transporting the J. curcas biodiesel from tropical regions to European or American markets will make the energy balance less positive (in Tobin and Fulford's study 6 the positive energy eff ect was reduced by 8%). Exporting the J. curcas seeds or oil to be processed near those remote markets is expected to have a higher impact.
In the aforementioned studies, allocations were made to the energetic content of the by-products (for example, seed cake and glycerin). Th is allocation made the calculated energy balances much more positive. In reality, the balance will only Perspective: Jatropha biodiesel fueling sustainability?
be positive if the accounted by-products are used effi ciently.
Seed cake can be used as biofertilizer, but it can also be used as feedstock for biogas production before using it as a soil amendment. Th e effl uent of the digester is still very valuable as a substitute chemical fertilizer. Aft er detoxifi cation, the seed cake is suitable as protein-rich animal feed as well. 8 If detoxifi cation becomes viable, using the seed cake as fodder could considerably improve the energy balance of the system.
Th e glycerin can be burned or substituted for the fossil-based production of glycerin used in the cosmetic industry. Using other by-products will again improve the energy balance. Th e fruit husks can be fermented as well, but have shown to be a successful feedstock for gasifi cation, achieving similar results to wood. 11 Furthermore, wood from annual pruning and wood from coppicing the total aboveground biomass every ten years can also produce heat. Th e feasibility (economical, environmental, infrastructural) of using these by-products effi ciently in practice is still under debate and is much dependant on the organization of the production system and local traditional practice and potential.
Global warming potential
Th e global warming impact category refers to the impact the production and use of a product has on global warming compared to the reference system. Both aforementioned limited LCA case studies showed lower impacts for the biodiesel system in comparison to fossil diesel. Although 90% of the lifecycle GHG emissions are a result of the end use ( Fig. 1 ) of the biodiesel, 7 it is interesting to discuss the most important contributing steps of the production phase.
In accordance with the energy requirement, the cultivation ) 8 will probably be higher than wasteland vegetation as well. Such higher rates will again lower the global-warming impact of the system. Furthermore, the land-use change will have its impact on the soil carbon, too. Although this is diffi cult to predict, it can be expected that, in case of wasteland reclamation, the J. curcas system, including the use of the seed cake as a soil amendment, will increase the carbon sequestration in the soil, while for conversion of forest land, soil carbon mineralization would cause GHG emissions.
Land-use impact
In this category, the impact of the new land use is assessed in comparison to the impact of the baseline scenario, which is the mix of the former land use in the considered plantation area. In order to express such impacts independent from the local site conditions, both impacts have to be calculated in relation to a predefi ned reference system (for example, the potential natural vegetation of the site). In such an assessment, we look at the impact on the ecosystem structure and functioning. 15 Since the amount of occupied area is an important factor of land-use impact, it is clear that for this impact category lizers, irrigation, biocides and soil work will have negative impacts on biodiversity. 16 Hedges create more gradients and landscape connectivity, possible diversity sinks and corridors. 17 Th e low management need of this cultivation type is believed to cause less severe impacts. However, fertilizing, particularly in the case of wastelands, will be necessary for sustainability, to achieve higher yields and to prevent soil exhaustion, again underlining the need for quantitative research in nutrient cycles and the optimization of inputs.
In the case of converting wasteland, J. curcas seems to ensure an improvement in vegetation structure, while the impact on the biodiversity depends on the situation.
In general, we have to be aware that in most situations J. curcas is an exotic species. Some reports conclude that J. curcas shows invasive characteristics. 18 In addition, the toxicity of the seed cake used as fertilizer might cause phytotoxicity expressed in a reduced germination 2 of local species.
Research on the allelopathic eff ects of J. curcas on the local ecosystem is required in order to clarify these issues.
Ecosystem functioning
Jatropha curcas can be propagated vegetatively (cuttings) and generatively (seeds). Propagated by seed, the plant develops a remarkably predictive root structure with a taproot and four laterals (personal observation). When using cuttings, the taproot will not form and the root system will evolve into a dense root carpet, suitable for preventing sheet erosion and for accumulating sediment, but vulnerable to landslides and uprooting by wind. Th e plants propagated through seeds are believed to be suitable for erosion (water and wind) control and prevention. A lateral rooting system stabilizes the superfi cial soil and the strong anchoring of a taproot makes J. curcas extremely promising for soil stabilization. 19 Th e protection against erosion can be strengthened by simple management practices. Leaving the shed leaves and the weeded undergrowth as mulch and bringing back the seed cake as biofertilizer is believed to have a positive eff ect on the soil. Th e enrichment of organic material improves the soil structure and the water-holding capacity. Th e cultivation of J. curcas for biodiesel production is expected to have an overall positive eff ect on the fertility, stability and carbon storage of soils in wasteland situations.
But, again, a lot will depend on the management intensity. Th e use of heavy machinery may cause compaction, which in turn can inhibit many positive eff ects. Replacing natural forest may have signifi cant mechanical impacts on the soil at fi rst. In such cases, it is reasonable to expect that substantial amounts of organic matter will get lost through decomposition, causing mainly negative impacts on GHG emissions, soil fertility, soil structure and water-holding capacity.
Currently, the erosion prevention capacity of J. curcas has not been subject to quantitative research. J. curcas is a Th e use of seed cake is believed to be very positive for soil organic matter and soil structure. However, the seed cake contains toxins (phorbol esters, trypsin inhibitors, lectins, phytates), which give the cake biopesticidal/insecticidal and molluscicidal properties, 8, 20 but could have an impact on microbial communities and biogeochemical cycles as well.
Research on long-term eff ects of seed cake addition to soil is essential. Furthermore, caution is necessary on the use of the seed cake as a fertilizer for edible crops. Although the phorbol esters decompose completely within six days, 20 it is still advisable to check the absence of phorbol esters in those edible crops.
In the assessment of the impact on the water balance, we have to look both at on-site and off -site eff ects. 21 Starting from wasteland J. curcas will bring on-site improvement of the water balance. Th rough the strong increase in evapotranspiration (ET), causing a reduction of surface runoff and a higher infi ltration capacity, J. curcas will give the system more control over the water cycle. Th ese on-site eff ects might cause a more leveled fl ow in the rivers and streams off -site (i.e. increasing base fl ow, less peak fl ows and no fl ash fl oods). If the ET of J. curcas exceeds the ET of the natural vegetation, this would lead to decreasing water availability downstream. Th is eff ect has already been shown for Eucalyptus, 22 but still has to be investigated for J. curcas.
Socio-economic potential
Th e environmental side of the story is very important, but it is not the main driver of development in the South. Economic viability and social benefi ts are the fi rst concerns when it comes to the implementation of a new biological production system in developing countries and thus cannot be viewed separately. In fact, no project can be considered sustainable if it is not both economically and socially sustainable. 23 Since this is a complex matter and since only little is known, we will just discuss some basic issues specifi c to J. curcas in a qualitative way.
J. curcas is a toxic plant which produces inedible oil. With respect to land-use pressure there is well-founded concern that expansion of J. curcas cultivation could displace food production in rural areas. If it is produced on lands which are not suitable for edible crop production, this will, of course, not be a problem. However, if market prices for biodiesel continue to rise, countries that wish to maintain land in food production might need to consider off ering appropriate incentives to farmers not to switch to this cash crop. On the other hand, the toxicity of the J. curcas seeds, oil and seed cake can cause human health problems. Since the workers are in close contact with the seeds, oil and seed cake, accidental intake cannot be fully excluded. Furthermore, some studies isolated a tumor-promoting phorbol ester from the J. curcas oil. 24, 25 We have to be aware of this health risk, since the workers' skin easily comes into direct contact with the oil.
Th e cultivation, but mainly the harvesting of the J. curcas fruit is very labor intensive. Th e fruit has to be harvested at maturity. Since the fruit does not ripen all at the same time, the harvest cannot yet be mechanized. Such high labor requirement brings along potential socio-economic benefi ts and risks. In areas with high legal unemployment this labor need may translate into substantial job creation. But, labor has both its economic and social costs. Th e presence of available jobs does not automatically improve rural livelihood. Attention has to be paid to ensure that new jobs meet national and international standards. Reported cost-benefi t analyses 26, 27 are variable and oft en do not include the full cost of labor that meets national and international standards, as they use the legal minimum wage of the country at stake.
In fact, using the full cost of labor may render such analyses unprofi table. Considering both the economic and social costs of labor in an intensive system, together with the current market prices, knowledge gaps on the J. curcas system and specifi c social and cultural contexts, the economic viability of a J. curcas-based oil-production system is uncertain.
Technological innovations may improve the socio-economic viability of such initiatives in the future.
Th e socio-ecological strengths of J. curcas are that (i) it already grows 'naturally' in many places and (ii) that it is a multipurpose plant. J. curcas is traditionally used for medicinal purposes. In some communities the oil is used to make
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soap. Furthermore, the plant, which is not browsed, is used as a living fence to protect food crops, as a tool for ecological restoration in degraded areas, and as erosion control and prevention. 28, 29 If, in such situations, the seeds are harvested and sold to biodiesel producers, the result will be rural job creation and income generation. If the investment has been made for functions other than biodiesel production, the sale of the seeds is an additional benefi t. In addition to these purposes the biodiesel production from J. curcas not only results in a fossil-fuel substitute, but also in an array of by-products which are locally interesting.
Th e organization model of the production chain is believed to have an impact on the socio-economic potential as well. A distinction can be made between (i) large-scale, centralized estates working with outgrowers; and (ii) a decentralized set-up. 8 Using the decentralized model is believed to increase the local availability of the biodiesel and by-products Th e investments needed for a decentralized initiative are smaller than in the case of a centralized set-up, but in general the same applies for the shoulders which have to bear these investments. Since the annual seed yield is only roughly known and the responsiveness of the yield to inputs such as fertilizers and irrigation is still badly understood, this question on economic viability remains impossible to address accurately. Th is risk has to be taken both by centralized and decentralized set-ups. Taking risks is an important part of the defi nition of entrepreneurship. Clearly only the betterendowed farmers will be able to experiment in this upcoming agricultural production system and show the way; this also applies for both centralized and decentralized set-ups. From a biodiversity perspective, the hedge cultivation of J. curcas is expected to have the least negative impact, but this cultivation type is probably the least economic. Highly negative impacts in a certain dimension can cause negative impacts in another dimension or the other way around.
Negative impacts on the environment itself can cause negative impacts in the social dimension. Such interactions are oft en situation-specifi c and oblige us to base our decisions on the environmental, economic and social characteristics of the places at interest. Decisions on trade-off s between the diff erent sustainability dimensions show us that also the political and ethical side of bioenergy production cannot be ignored.
